In this study we review a global set of alkenone-and foraminiferal Mg/Ca-derived sea surface temperatures (SST) records from the Holocene and compare them with a suite of published Eemian SST records based on the same approach. For the Holocene, the alkenone SST records belong to the actualized GHOST database (Kim, J.-H., Schneider R.R., (2004). GHOST global database for alkenone-derived Holocene seasurface temperature records. Available from: http://www.pangaea.de/Projects/GHOST.), while the Mg/ Ca-derived SST database represents a new compilation. The actualized GHOST database not only confirms the SST changes previously described but also documents the Holocene temperature evolution in new oceanic regions such as the Northwestern Atlantic, the eastern equatorial Pacific, and the Southern Ocean. A comparison of Holocene SST records stemming from the two commonly applied paleothermometry methods reveals contrasting -sometimes divergent -SST evolution, particularly at low latitudes where SST records are abundant enough to infer systematic discrepancies at a regional scale. Opposite SST trends at particular locations could be explained by out-of-phase trends in seasonal insolation during the Holocene. This hypothesis assumes that a strong contrast in the ecological responses of coccolithophores and planktonic foraminifera to winter and summer oceanographic conditions is the ultimate reason for seasonal differences in the origin of the temperature signal provided by these organisms. As a simple test for this hypothesis, Eemian SST records are considered because the Holocene and Eemian time periods experienced comparable changes in orbital configurations, but had a higher magnitude in insolation variance during the Eemian. For several regions, SST changes during both interglacials were of a similar sign, but with higher magnitudes during the Eemian as compared to the Holocene. This observation suggests that the ecological mechanism shaping SST trends during the Holocene was comparable during the penultimate interglacial period. Although this ''ecology hypothesis'' fails to explain all of the available results, we argue that any other mechanism would fail to satisfactorily explain the observed SST discrepancies among proxies.
Introduction
Interglacial periods of the Late Pleistocene epoch such as the Holocene are marked by minor climate changes when they are compared to glacial periods (Dansgaard et al., 1993; Mayewski et al., 2004) . Although less spectacular than glacial climate instabilities, significant long-term Sea Surface Temperature (SST) trends arising from paleotemperature reconstructions clearly mark the Holocene epoch (e.g. Marchal et al., 2002; . A consistent regional SST evolution can be identified when comparing multiple SST records from various ocean basins . Compilations like the global database for alkenone-derived Holocene SST records (GHOST, highlight the usefulness of these efforts in detecting regional climate signals.
In the framework of a model-data comparison study performed to identify and explain apparent spatial and temporal Holocene SST patterns, the GHOST database allowed to point out geographic coherencies and discrepancies in long-term SST trends over the last 7000 years , in order to determine major modes of Holocene climatic variability (Rimbu et al., 2003 and to discuss the role of orbital forcing . The latter study suggests that Holocene surface ocean temperatures have experienced opposite trends between low and high latitudes, and that a shift in the season of maximum insolation during the Holocene at low latitudes may have accounted for changes in the seasonal timing of phytoplankton production of alkenones from which the SST signal was derived (Lorenz et al., 2006) . These modelling studies, as well as ongoing discussions regarding SST proxy specific dependencies on seasonally varying surface water conditions -such as the thermocline depth or the temperature range of the mixed layer -still question the significance of singleproxy-based SST reconstructions at global or regional scales. More importantly, global databases are ultimately used as benchmarks for model evaluations, so that efforts to refine proxy significance assessments are of crucial importance.
The main purpose of this study was to supply a state-of-the-art knowledge for Holocene SST trends, as estimated from marine sediment cores, using two commonly used SST proxies, i.e. alkenone-and Mg/Ca-based paleothermometry, and to make a first attempt to compare Holocene and Eemian SST patterns on a global scale. The Holocene GHOST database had some oceanic regions under-represented, but alkenone SST records recently published and considered in this study now fill gaps for key locations and better confirm the regional SST evolution identified in the former version of the GHOST database. Additionally, a new synthesis of SST records based on Mg/Ca ratios measured on planktonic foraminifera is presented for comparison with alkenone SST records. Although the spatial coverage of Mg/Ca SST records is less than the updated alkenone-derived GHOST database, Mg/Ca SST records often provide a very different picture of Holocene SST evolution than those formerly described by alkenone SST records. Our comparison suggests that the seasonal influence on the paleotemperature signal should be considered much more extensively when attempting to reconstruct regional SST patterns. A comparison between selected SST records covering both the Holocene and the Eemian suggests that our hypothesis is also valid for other interglacial periods. However, more extensive studies regarding Eemian SST trends are required in order to refute or confirm this ecological hypothesis.
Theoretical background
As pointed out by Huybers and Curry (2006) , the seasonal cycle of SST is massive and may impact climate variability well beyond the annual cycle. Without considering dynamic effects such as atmospheric or oceanic feedbacks, a likely reason for the net impact of seasonality in climate variability on Milankovitch timescales involves a climate sensitivity weighted toward one particular season (Laepple and Lohmann, 2009) .
The planktonic organisms that generate geologic signals of SST are also influenced by climate on a seasonal timescale. Indeed, most -if not all -studies focused on changes in the seasonal flux of planktonic organisms in the modern ocean report strong seasonal variations in the flux of foraminifera (see e.g. Thunell et al., 1983 for the Eastern Equatorial Pacific (EEP); Tedesco and Thunell, 2003 for the Western Equatorial Atlantic (WEA); Mohtadi et al., 2009 for the Indonesian archipelago; Schiebel and Hemleben, 2000 for the North Atlantic) and of alkenone-producing coccolithophorids (see e.g. the review by Iglesias-Rodriguez et al., 2002) . Huybers and Wunsch (2003) have shown how long-term changes in orbital parameters without mean-annual insolation changes -such as precession -together with one seasonal-weighted proxy can generate low-frequency variability through interferences between climate recorders and seasonality (Huybers and Wunsch, 2003) . For our case, if climate recorders such as coccolithophorids and/or planktonic foraminifera have overwhelmingly sampled one given season during interglacial periods, then the resulting geologic signal for SST in sediments has to be assigned to one season rather than to a mean-annual SST.
Our analysis was undertaken to address this issue by comparing SST records spanning the Holocene using two global databases derived from independent paleothermometers, in order to decipher whether these organisms had different seasonal preferences due to contrasting ecological behaviour. If it is the case for the global dataset, then SST records are interpreted in terms of seasonal rather than in terms of mean-annual SST records, as for any precessional signal found in a given climate record.
Methodology
The methodology used for the construction of the alkenonebased GHOST database is extensively described elsewhere . The same methodology has been adopted for the compilation of the Mg/Ca-derived SST database. These two SST proxies have the strong advantage over other SST proxies to be reproducible in the laboratory, so the relationship between temperature and the proxy -although empirical -is rigorously assessed and quantified under controlled environmental conditions.
In order to illustrate fields of Holocene SST changes on a map we adopted the strategy of calculating SST changes over the last 10 ka by subtracting the estimated temperature from core-top SST values from the SST estimated for the 10 ka interval (Table 1) . Core-top estimations were computed by calculating the average of the available SST data spanning the last 1000 years (Table 1) . Data spanning the 1000-2000 year interval were determined for sediment records where the core top was missing. The 10 ka time slice averaged all of the available data spanning the 9.5-10.5 ka time interval (Table 1) . The difference between the core top and the 10 ka time slice ultimately provides the calculated Holocene SST trend of a given SST record, assumed here to be linear to a firstorder (see discussion in Section 3).
This approach has the advantage of helping us to roughly visualize the sign of the main SST changes, i.e. a broad ''warming'' or ''cooling'' over the last 10 ka. However, in some particular areas such as, e.g., those surrounding the North Atlantic Ocean, a broad maximum in temperature may have occurred later than 10 kyr BP because other climate feedbacks operate in this area (Renssen et al., 2009) . The Mediterranean Sea, the Southern Ocean as well as some low-latitude records are indeed marked by mid-Holocene SST inflections, making the Holocene climate optimum occur between 10 and 6 kyr BP. In our analysis, most of the Holocene SST records that we utilized to compute global maps of SST trends are shown later in the discussion in order to visualize the shape of the SST records. In most cases, Holocene signs of SST change would be insensitive if the last 6 kyr BP rather than the entire Holocene were considered since a climate optimum often occurs during the early Holocene.
In spite of a recognized potential bias in alkenone-based SST reconstructions linked to alkenone production in the thermocline, to the long-distance alkenone advection by oceanic currents and/or to a differential degradation of C37:3 and C37:2 alkenones within the sediment (see discussion in Conte et al., 2006 and references therein), alkenone-based thermometry is widely used as a SST proxy. Since the global core-top calibration equation of Mü ller et al. (1998) is remarkably well correlated with annual-mean SST, most of the alkenone-derived SST records are implicitly interpreted in terms of annual-mean SST. The alkenone-derived paleotemperature estimates are based on the conversion of the abundance ratios of long-chain unsaturated alkenones with two to three double bonds into SST using the calibration from the original referenced publications. The alkenone SST proxy accuracy and precision has been internationally calibrated and standardized amongst 24 laboratories worldwide (Rosell-Melé et al., 2001 ). The error of alkenone temperature estimates is about 1 C. Different alkenone unsaturation indices (Uk37 or Uk 0 37) and calibrations have been applied for each alkenone SST record (Table 1) , but this issue does not affect the main conclusions we report here, i.e. the mean Holocene sign of SST change. The Mg/Ca ratio measured on surface-dwelling planktonic foraminifera is a well-established SST proxy that has been internationally calibrated by 25 laboratories (Rosenthal et al., 2004; Greaves et al., 2008) . Systematic biases owing to, e.g., ecological behaviour of planktonic foraminifera (Regenberg et al., 2009) , local hydrologic characteristics such as calcite saturation levels at depth (Dekens et al., 2002) , and different cleaning protocols used to remove the coating of Mg-rich contaminant phases (Rosenthal et al., 2004 ) have led to a wide range of calibration equations to convert Mg/Ca into temperature. As for the alkenones results, we report the Mg/Ca-based SST data as they were estimated in the original publications. We are aware that this strategy can at least partly contribute to heterogeneities among records recognized at the regional scale for Mg/Ca-based Holocene SST evolutions (see discussion in Chapter 3). However, we believe that this method is best for extracting Holocene SSTs at a global scale since it accounts for local hydrologic or sedimentary specificities at coring sites. Additionally we mainly focus on SST trends, a parameter not influenced by the choice of the calibration equation.
All of the data are presented using the original chronologies. While almost all of the Holocene records were dated by radiocarbon as accurately as possible, the Eemian dating uncertainties are much larger than those for the Holocene. For the purpose of this study we had no reason to change the age models from the original publications; yet it is clear that the dating strategy may complicate the Holocene-Eemian comparison.
The Holocene datasets presented in this study will be archived online at the PANGAEA website (http://www.pangaea.de/Projects/ GHOST).
Results and discussion

Alkenone-derived SST trends during the Holocene
From the former version of the GHOST database, three main general conclusions were drawn from the long-term Holocene SST evolution as follows: (1) a cooling occurred in the Northeast Atlantic, (2) a warming occurred in the North Pacific, and (3) a warming occurred at low latitudes (Rimbu et al., 2003 Lorenz et al., 2006) . While no significant increase in the amount of available data from the northern Pacific has occurred during the last few years, calculated SST trends in the North Atlantic and at low latitudes were largely confirmed with new alkenone SST records (Fig. 1) .
In other parts of the ocean, the western North Atlantic was better constrained and appeared to be the region that recorded the most prominent SST drop in the database, with a SST decrease of up to 7 C over the Holocene (Sachs, 2007, Fig. 1 ). New low-latitude records from the eastern and western Atlantic and from the eastern Pacific confirmed previous conclusions implying a warming at low latitudes over the Holocene, regardless of oceanic basin and/or the hemisphere (Fig. 1) . Alkenone SST records available for the Southern Ocean now suggest that the Holocene experienced a cooling (Fig. 1) . This result confirms theoretical results predicted from quasi-transient climate simulations that still remained to be verified with data from the southern hemisphere (e.g. Lorenz et al., 2006) . Taken together, these results indicate that alkenone-based SST records reflect regional to basin-scale trends (Fig. 1) , but a question remains as to whether this method is more representative of a mean-annual temperature signal or to a certain season that may even have changed during the course of an interglacial.
Mg/Ca-derived SST trends during the Holocene
Despite recent culture studies for planktonic foraminifera that have demonstrated that the salinity significantly influences the Mg/Ca measured on foraminifera tests (Kisakurek et al., 2008) , the Mg/Ca signal from marine sediments has been considered at first order as dependent on the temperature of the waters in which the planktonic foraminifera tests were calcified (Nü rnberg et al., 1996) . Complications arise when species-specific ecological behaviour is considered, although it also provides the opportunity to further investigate temperature changes across a wide range of foraminifera growth seasons and water depths (Elderfield and Ganssen, 2000) .
Holocene Mg/Ca-derived SST trends are generally of a lower amplitude than the alkenone-derived SST trends (Fig. 2) . The point-to-point scatter of Mg/Ca-derived SST values is larger in the individual records than in the alkenone-derived records, leading to an apparently more ''noisy'' SST signal derived from the Mg/Ca as compared to alkenone SST values (see e.g. Fig. 3 ). One possible explanation for this observation may be linked to the method since Mg/Ca values are derived from a small subset of foraminifera that represent orders of magnitude lower amounts of the planktonic organisms contained in a sample compared to alkenones extracted from a certain amount of sediment volume. Secondly, lateral transport through oceanic currents (Ohkouchi et al., 2002) or bioturbation (Bard, 2001 ) may have tended to smooth the SST signal regionally or downcore, respectively, two factors that are probably more effective for alkenones than for planktonic foraminifera. Thirdly, some intervals may have been affected by dissolution, one mechanism that artificially lowers the Mg/Ca (Regenberg et al., 2006) . One easy way to check for the potential effect of dissolution resides in weighting the foraminifera prior to foraminifera cleaning, or eventually, measuring the sedimentary calcium carbonate content downcore. Unfortunately, not all studies report foraminiferal weights and explicitly use this information to control a potential impact of dissolution (see e.g. discussion in Lea et al. (2006) and Tachikawa et al. (2008) ) while the calcium carbonate content may also be linked to changes in calcium carbonate productivity itself, so that it remains difficult to assess whether dissolution is a bias that may have affected Mg/Ca-derived SSTs globally or regionally. Alternatively, marine sediment core depth may be another indication for the likelihood of the dissolution effect on Mg/Ca thermometry since it may influence sediment cores deeper than w2000 m.
Unlike alkenone-derived records, Mg/Ca SST trends are rather equivocal at the regional scale (Fig. 2) . This observation may somehow reflect the lower spatial resolution of Mg/Ca data as compared to the alkenone-derived SST dataset. From the Mg/Ca SST records presented here it seems that improving the spatial coverage will help to clarify the general picture of Holocene SST evolution on the regional or basin-wide scale. Yet it remains difficult to assess if Mg/Ca first-order SST trends capture regional-scale features or very small-scale hydrographic conditions. The most puzzling result is likely the lack of reproducibility of the basin-wide SST picture drawn by alkenones in individual Mg/Ca-based records. Perhaps the difference between Holocene SST as viewed by alkenones (Fig. 1) and by Mg/Ca (Fig. 2) that often point to proxy-dependent divergent SST trends in many parts of the ocean could potentially be explained if the two methods represent different hydrographic or seasonal conditions for a certain region.
4.3. A detailed comparison of alkenone and Mg/Ca-based SST evolution Fig. 3 presents the original alkenone and Mg/Ca SST evolution for some regions, namely in the EEP, the WEA, the Indonesian archipelago, as well as in the North Atlantic.
In the EEP, the North-South SST gradient is reasonably well captured by both alkenone unsaturation and Mg/Ca ratios.
Alkenone-derived SST records over the last 10 ka are all marked by a warming of w0.5-2 C, regardless of modern-day hydrological conditions (Fig. 3a) . Holocene Mg/Ca temperature changes locally are quite different and variable, but none among the seven Mg/Ca records available for the EEP have exhibited monotonous warming during the Holocene as was the case for alkenone SST records (Fig. 3a) . Analogous divergent trends between the two SST proxies have already been reported for the EEP during the millennial-scale climate fluctuations that punctuated the last deglaciation (Mix, 2006; Koutavas and Sachs, 2008) . To explain alkenone-derived SST trends in the EEP that imply monotonous warming regardless of the local hydrologic particularities, changes in low-latitude insolation can be invoked if one assumes that alkenones preferentially captured the boreal winter season (Fig. 3a) . This assumption has the advantage explaining the similarity between alkenone-derived SST trends through a systematic signal formation during a narrow seasonal time interval in the course of a year, as depicted in Huybers and Wunsch (2003) . This hypothesis is in broad agreement with modern seasonal changes in primary productivity in the EEP (Pennington et al., 2006) . On the other hand, the Mg/Ca-derived Holocene SST evolution in the EEP that was not marked by a general warming can be explained by a systematic sampling of the other seasons. Mg/Ca may either have marginally imprinted the boreal summer insolation changes -in agreement with present-day Globigerinoides ruber fluxes in the Panama Basin (Thunell et al., 1983) , or may reflect more meanannual SST changes at low latitudes as smoother SST changes compared to the alkenone-based records suggest. However, a closer look to the ensemble of Mg/Ca-derived SST records revealed much more heterogeneity for Holocene temperature trends than for alkenone-derived SST records, making the Mg/Ca ratios more complicated to interpret in terms of the overall temperature trends (Fig. 3a) . Therefore some of the features in Mg/Ca-derived SST records are linked to complex combinations of quite different ecological behaviours of planktonic foraminifera (see chapter 3.5.2).
Also, differential partial planktonic foraminifera test dissolution can have modulated the amplitude of SST changes in this region, which is known to be particularly corrosive (Mekik et al., 2007) . For example, an increase in primary productivity over the Holocene would necessarily have increased biologically-mediated calcite dissolution over this time period, potentially leading to decreased Mg/Ca-derived SST estimations. Surrounding the equator, this may explain why the deepest record of Pena et al. (2008) was also marked by the sharpest SST trend as compared to shallower sites (Fig. 3a) .
The same picture of different SST changes highlighted by the two methods can also be observed in the WEA (Fig. 3b) . While alkenone- derived SST records indicate a warming over the Holocene, Mg/Caderived SST records indicate either no trend or a cooling trend for the same time period. In particular, the cooling trend as recorded in the Mg/Ca-derived SST record off of the Mississippi River mouth has been assumed to reflect a summer temperature signal (Nü rnberg et al., 2008) . Unpublished alkenone results from the same core indicate a warming (Nü rnberg and Blanz, personal communication), suggesting a winter-weighted temperature record if the concept of seasonal insolation changes shaping SST records in a different manner as discussed for the EEP are applied to the WEA. SST records surrounding the Indonesian archipelago are presented in Fig. 3c . Despite low seasonal ranges in modern SSTs, the Fig. 3 . Modern-day hydrologic conditions and Holocene SST evolution in (a) the Eastern Equatorial Pacific, (b) the Western Equatorial Atlantic, (c) the Indonesian archipelago, and (d) the North Atlantic. Left panels: SST seasonal hydrologic extremes (January and July) extracted from the World Ocean Atlas (Conkright and Boyer, 2002) . Right panels: regional sedimentary records of Alkenone and Mg/Ca-derived SST evolution over the last 10 ka. Insolation changes are indicated for the equator (a, b and c) and for 45 N (d). Insolation changes are from Laskar, 1990 . References for SST records are listed in Table 2 . Note that January insolation can explain most of the alkenone SST sign of changes over the last 10 ka at low latitudes, but that July insolation cannot explain the Mg/Ca-based SST patterns as satisfactorily as the January values for alkenones. This observation suggests that factors other than ecological influences are significant for Mg/Ca paleothermometry. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article). data suggest that a common forcing is still involved in shaping alkenone-based Holocene SST trends in this area. The alkenonederived SST records are mainly from the South China Sea, and all of them seem to be marked by an early Holocene warming followed by a late Holocene stagnation in SST (Fig. 3c) . Speleothem records from northern Borneo have revealed a mid-Holocene inflexion in precipitation trends with a comparable timing, likely reflecting a close relationship between Borneo precipitation and SST in adjacent seas (Partin et al., 2007) . Possible is that alkenonederived SST and speleothem-based precipitation records, owing to concomitant phytoplankton productivity and regional precipitation, are both driven by spring/fall precessional forcing (Partin et al., 2007) . This assumption is in line with studies demonstrating the importance of river discharge for seasonal dynamics of primary productivity in the South China Sea (Chen and Chen, 2006) . As for other tropical basins, the Mg/Ca-derived SST records around the Indonesian archipelago suggest a slight cooling (Stott et al., 2004, Figs. 2 and 3 c) , with the opposite sign of the SST changes related to different proxies that are most evident during the early Holocene time period. Again, this observation can result from proxy sensitivity to different seasons that were not impacted by the same insolation forcing over the Holocene.
In the North Atlantic, a cooling of SST is common in almost all of the mid-to high-latitude alkenone-derived SST records available in the literature, while the few Mg/Ca records available either show no trend or a slight warming trend during the Holocene (Fig. 3d) . The Holocene cooling trend, as revealed by alkenone paleothermometry for the North Atlantic, is of the opposite sign in low-latitude SST records. Thus far, the difference between high and low latitudes has been explained by the overall Holocene insolation change that tends to warm the tropical ocean toward the end of the Holocene, while the northern high latitudes do not experience a strong boreal winter season warming but rather a strong summer season cooling (e.g. Lorenz et al. 2006 ). However, if this assumption is correct, Holocene SST trends should reveal a warming in southern high latitudes since the austral summer insolation is increasing during the Holocene, which is not observed for either of the two methods (Figs. 1 and 2) . Again, such discrepancies are likely embedded in proxy sensitivities to seasonal effects on temperature signal formation. Those deviations remain to be better understood by putting special emphasis on (1) a better constraint for the significance of SST records derived from complex planktonic foraminifera ecological behaviour (see discussion in Hillaire-Marcel and de Vernal, 2008; Fraile et al., 2009) , and on (2) high-latitude alkenone-derived SSTs that may be globally biased toward the spring or the summer months (see discussion in Prahl et al., 2010) .
Evidence from the penultimate interglacial time period
If insolation changes are the main forcing for the proxydependent diverging SST evolution we have described for the Holocene, then the penultimate interglacial period (i.e. the Eemian), which is marked by stronger insolation changes due to larger magnitude in the precessional variance, should reveal similar SST trends for each method in the Holocene and in the Eemian, but with higher amplitude in SST change during the Eemian. A first test of this hypothesis is to compare Holocene SST records with a corresponding dataset for the Eemian interval.
Unfortunately, the Eemian period is much less documented with appropriate SST records than the Holocene because of the scarcity of long sediment cores that penetrated into Eemian sequences at sites with sufficiently high sedimentation rates. In addition, the dating issue is critical since orbital tuning of the benthic isotopic signal may artificially homogenize the temporal relationship between SST signals at different locations. However, the latter problem has only been considered marginally here since it may not influence the interpretations we make for long-term SST trends over the last two interglacial time windows. For the comparison between interglacials we have chosen Eemian SST records from the literature only for the regions we considered for the Holocene in Fig. 3 . Accordingly, Fig. 4 presents the SST trends for the 0-14 kyr BP and for the 116-130 kyr BP time intervals. This choice provides good benchmarks at the precessional timescale, namely the 10, 6 and 0 kyr BP time intervals (early, mid and late Holocene) analogous to 126, 122 and 115 kyr, respectively, BP at low latitudes (Braconnot et al., 2008) , allowing a direct comparison of Holocene and Eemian SSTs in tropical latitudes.
As expected, the EEP, the WEA, the Indonesian archipelago, and the North Atlantic were marked by a similar sign for SST changes but with slightly larger amplitudes for the Eemian than for the Holocene (Fig. 4, Table 1 ). The opposite signs between high and low latitudes observed in alkenone-derived Holocene SST trends recorded in the Atlantic were found with a slightly increased amplitude in Eemian SST records from the same sedimentary sequence (Fig. 4) , although the Holocene trend amplitude calculated for the Cariaco Basin was affected by the last alkenone low SST data point of the Holocene record ( Table 2 ). The tropical Pacific Mg/Ca-derived SST changes also showed a clear cooling during the Eemian while Holocene SST seemed to be almost constant. In the EEP where dissolution is suspected to modulate some of the observed Mg/Ca-derived SST changes, Eemian SSTs were unlikely to be more extensively affected by dissolution than over the Holocene period, as G. ruber weights and a suite of other proxies for dissolution suggest (Lea et al. 2006 Fig. 4 . Sedimentary records of Eemian SST trends (red curves) compared with their corresponding Holocene trends (blue curves) for (a) the Eeastern Equatorial Pacific (Lea et al., 2006) , (b) the Western Equatorial Atlantic (Herbert and Schuffert, 2000) , (c) the Indonesian archipelago (Visser et al., 2003) , and (d) the North Atlantic area (Martrat et al., 2007) . Insolation changes are from Laskar, 1990 . References for SST records are listed in Table 1 . (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article). Emeis and Dawson (2003) shaped the interglacial SST records. The observations agree with the interpretation we have proposed to explain proxy-dependent divergent SST trends over the Holocene, that have been suggested as driven by distinct seasonal influences for insolation changes on the signal ultimately recorded by different planktonic organisms. However, the observations should be confirmed by new highresolution Mg/Ca records derived from marine sediments retrieved at shallower depths and with the high-quality monitoring of calcite dissolution as presented in Lea et al. (2006) and in Tachikawa et al. (2008) .
Implications and new perspectives determined from proxyrelated divergent SST trends during the Holocene
While the low-latitude warming vs. the high-latitude cooling trends observed in the alkenone-derived SST records are a robust feature of the Holocene data compilation, Mg/Ca-derived SST records either revealed smoother Holocene temperature changes of an opposite sign as compared to alkenone-derived SSTs, or no discernable SST changes ( Figs. 1 and 2 ). This feature illustrates discrepancies between the two paleothermometry methods when considering the Holocene and Eemian periods, and further raises the question for the significance of these SST proxies to faithfully record the mean oceanic temperature background. In the following discussion we outline the strengths and weaknesses of the hypothesized role of the interplay between the Holocene seasonal cycle evolution and the planktonic organisms' ecology in shaping the above-mentioned SST features.
Latitudinal-dependent alkenone SST evolution
Almost all low-latitude and high-latitude records of alkenonederived Holocene temperatures seem to record warming and cooling trends, respectively, regardless of regional hydrologic processes. It suggests that changes in ocean dynamics have only played a minor role in shaping these SST records since the abovementioned feature is global, regardless of the contrasted regional hydrologic features covered by the dataset at a given latitude. According to the evolution of winter and summer insolation over the last 10 ka as depicted in Fig. 3 , our hypothesis is that alkenone SST captured the low-frequency precessional half-cycle signal which implies that the high-vs. low-latitude blooming season of alkenone-producing coccolithophorids are restricted to boreal summer vs. boreal winter seasons. The boreal summer and winter seasons were accordingly marked by a decreased and increased seasonal irradiation, respectively, providing a firstorder explanation for high-vs. low-latitude SST changes during the Holocene.
The observed feature is particularly marked in the Atlantic Ocean where abundant records are available. Results from the North Atlantic indicate that the cooling trend derived from alkenones is likely due to a summer insolation decline that experienced some tens of Wm À2 during the course of the Holocene (Fig. 3d) . The low-latitude warming recorded in the WEA and presumably also in the eastern equatorial Atlantic (Weldeab et al., 2007b) suggest that the alkenones records have imprinted the boreal winter season in the tropical Atlantic, a result that can likely be extended to the entire low-latitude latitudinal band (Figs. 1 and 3) . A latitudinal feature is clearly demonstrated by a sediment trap latitudinal transect from the North Atlantic, that reports coccolithophorid flux maxima occurring during short time windows when SSTs are higher (lower) than the annual-mean SST at high (low) latitudes (see Fig. 2 in Bijma et al., 2001) . The interhemispheric asymmetry in insolation distribution during the Holocene may also account for the SST decrease as recorded in the Southern Ocean sector (Laskar, 1990 ; see also Fig. 1 in Lorenz et al., 2006) , if we assume that alkenones are mainly produced in this area during late spring (Sikes et al., 1997; Ternois et al., 1998; Prahl et al., 2010) . High-latitude alkenone production may be restricted to the late spring or summer seasons as a result of light limitation. Some support for this statement can be found in a recent core-top compilation which reported that alkenone SST signal production was globally shifted toward these seasons at high latitudes (see Prahl et al., 2010) . Satellite data clearly depict a warm season for the blooming of coccolithophorids in the North Atlantic and in the Southern Ocean (Iglesias-Rodriguez et al., 2002) . Since light availability at high-latitude is crucial for photosynthetic organisms such as coccolithophorids, it is likely that high-latitude alkenone records would be strongly weighted towards the spring to summer seasons, one interpretation that may apply to alkenone records going even further back in time, well beyond the Holocene time period.
Why the global and persistent warming trend is recorded in almost all of the low-latitude alkenone records as such a strong Holocene SST feature (Figs. 1 and 3 a-c) is more puzzling, and can only be explained if alkenone-derived SST records are assumed to reflect the boreal winter season since it coincides with an insolation increase in the tropics. Therefore another factor may have had an impact at low latitudes, e.g., nutrient availability instead of light, since light is not a limiting factor for primary productivity at low latitudes. Possible is that in the permanently stratified tropical ocean where light is no limited low-nutrient surface waters are influenced seasonally by upwelling that acts synchronously to increase the surface water nutrient content -favouring primary productivity -and to decrease SST, potentially making coccolithophorids susceptible to blooms when SSTs are below the meanannual average. A feature that is in agreement with recent satellite observations for an inverse relationship at low latitudes between net primary productivity and temperature, the link between these processes being the upper ocean stratification (Behrenfeld et al., 2006) . However, changes in phytoplankton assemblages due to coccolithophorids vs. diatoms competing for nutrients also need to be considered, so that tropical alkenone warming trends have to be analyzed with models involving biogeochemistry to fully encompass the suite of climatological and biological processes ultimately driving the alkenone-based SST signal. The latter process may at least partly explain why alkenone-derived coretop SST in the Peruvian upwelling are warmer than mean-annual SSTs by up to 3 C (Prahl et al., 2010) , if the coccolithophorid living period occurs during boreal winter (or austral summer), next to the upwelling season that rather favours diatom productivity in this region.
The treatment of Mg/Ca SST records inconsistencies
As Mg/Ca-derived SST trends are often found in lower amplitudes than the uncertainty assigned to this method and derived from calibration equations, it is difficult to assess whether the cooling or warming trends thus far assigned to Holocene Mg/Caderived SST records are statistically robust climate trends or not. We are aware that the magnitude of the trends as depicted in Fig. 2 are only marginally significant in respect to the calibration equations. Only minor cooling or warming in the course of the Holocene supports the assumption that foraminiferal Mg/Ca SSTs record temperatures that are more weighted towards mean-annual SSTs despite significant seasonal increases in the abundances recorded in the foraminifera fluxes reported by sediment traps. Additionally, minima or maxima in SSTs may be recorded sometime during the mid-Holocene more often for Mg/Ca than for alkenones (Fig. 3) , so that the SST trends depicted in Fig. 2 should be interpreted with care.
In other words, the coccolithophorids that bloom in a very narrow temporal range (Bijma et al., 2001; Iglesias-Rodriguez et al., 2002) are highly susceptible to reflect winter or summer SSTs driven by long-term seasonal insolation changes during the Holocene. On the other hand, foraminifera also bear seasonal fluctuations but often remain abundant over the entire year (see Thunell et al., 1983; Schiebel and Hemleben, 2000; Tedesco and Thunell, 2003; Mohtadi et al., 2009 among others) . The difference in the fluxes of planktonic organism dynamics is essential since it may provide an explanation for the contrasted ability of these proxies to generate different magnitudes in long-term SST changes. This difference is a valid reason why Mg/Ca SSTs fail to produce a significant magnitude in the computed SST trends if it represents more ''mean-annual'' SSTs as compared to alkenone-derived SSTs.
Also possible is that some features seen in Mg/Ca-derived SST records are linked to complex combinations of long-term changes in the ecological behaviour of planktonic foraminifera. One example was provided in Oppo et al. (2009) who reported some evidences for changes in the seasonality of G. ruber fluxes through time, with long-term (centennial-scale) oscillations between mean-annual temperatures and the July/August/September mean temperatures. This result is broadly consistent with the idea of long-term foraminifera sampling of boreal summer as we have suggested for this region. Furthermore, it provides an alternative mechanism for explaining why Mg/Ca trends are of a lower magnitude than the alkenone trends if low resolution Mg/Ca SST records average the summer and annual-mean SSTs.
We, however, note that (1) significant Holocene Mg/Ca-derived SST trends opposite in sign to those of alkenone-derived SST changes can still be found in many places (Fig. 3) , and (2) stronger July insolation changes can potentially lead to significant Mg/Caderived SST trends during the Eemian in the tropical Pacific (Fig. 4) . Taken at face value, the observations suggest that, in some places of the ocean, proxy-related divergent SST trends exist and may be linked to different proxy sensitivities in relation to seasonal insolation changes. If correctly interpreted, these findings may open new opportunities for exploring long-term changes in seasonal temperature contrasts in the marine environment through applying multiple paleothermometry methods.
Perspectives to further improve the understanding of SST proxies
Our study raises the awareness of large-scale inconsistencies in SST proxy signals. We further suggest that, once the ecological behaviour of planktonic organisms generating the geologic SST signal are accounted for, comparisons of SST changes derived from both alkenone and Mg/Ca can shed some light on seasonality, one crucial climate parameter that has not been thoroughly considered in paleoceanographic reconstructions so far. Listed below are some important issues that remain unresolved and that can still be addressed in future studies.
One of the most critical issues is the lack of a global picture for planktonic organisms fluxes in sediment trap studies focused on comparing coccolithophorids and foraminifera together. While a large number of sediment trap studies exist, a compilation effort of available information on this issue will help to constrain whether the statements we have made here regarding the importance of planktonic organism ecology for generating one climatic signal from marine sediment cores can be generalized to all oceanic regions.
Another important issue relates to the overall location of the sedimentary records that remain confined to continental margins, such that the mean oceanic state of, e.g., mid-latitude gyres remains poorly sampled. This is due to the very low sedimentation rates that are inherent to oceanic areas distant from coastal zones that drastically limit the possibilities of obtaining SST data with a reasonable resolution for Holocene SST reconstructions. Few available records surrounding Hawaii (based on alkenones (Lee et al., 2001) ) and the Azorean archipelagos (based on Mg/Ca (Repschlä ger et al., 2009)), however, seem to confirm the hypothesis we have suggested for low-latitude SST responses to seasonal insolation changes.
Finally, only a very few pieces of evidence from multiproxy SST reconstructions have been derived from the same sedimentary sequences, confirming our ecological hypothesis (Weldeab et al., 2007a, b for the eastern equatorial Atlantic; Nü rnberg et al., 2008 and Nü rnberg and Blanz, Pers. Comm. for the western equatorial Atlantic; Sachs, 2008 and Koutavas et al., 2006 for the eastern equatorial Pacific; Sachs, 2007 and Keigwin et al., 2005 for the North Altlantic). The clustering of sedimentary recordssometimes involving sedimentary sequences very close to each other such as those around the Galapagos Islands or in the Cariaco Basin -and those reporting SST features in the oceanic regions we have investigated in Fig. 3 suggest that regional features are robust for both alkenones-and, to a lesser extent, for Mg/Ca-based SST reconstructions. However, the fact that Mg/Ca SST may represent local features would imply that systematic multiproxy studies from the same sedimentary sequence still need to be performed more extensively.
Conclusions
The compilation of SST data available for the Holocene and derived from two different proxies (alkenone unsaturation vs. Mg/ Ca ratios) suggests that the processes that drive the sedimentary record of the interglacial SST evolution may be unexpectedly complex and our understanding is only fragmentary. Although the alkenone-derived SST trends previously identified are robust, they are not reproduced by the Mg/Ca-derived SST records. The observation suggests that the regional paleoceanographic dynamics interacting with phytoplankton and zooplankton ecological behaviour affect SST records with a strong seasonal imprint in the geological record. If this ecological hypothesis is true, it implies that one should interpret with care any comparison made from SSTs derived from mixed proxies, such as for mapping efforts focused on reconstructing SST fields at targeted time slices (MARGO, 2009) . Since multiproxy SST reconstructions indicate that paleotemperature proxies contain complex information, as previously suggested by studies that deal with the calibration of paleothermometry methods in the modern ocean, future research should fully consider these issues in modelling experiments in order to enlighten our understanding of SST evolution during interglacial periods.
We are fully aware of numerous weaknesses in our interpretation regarding the observed proxy-dependent Holocene SST trends. For example, field studies of temporal changes in coccolithophorid productivity and/or in foraminifera fluxes are not always reporting a behaviour of planktonic organisms as we implicitly suggest in our conceptual model. However, in order to reconcile the evidences for Holocene alkenone-derived SST trends with those from the Mg/Ca method that do not reproduce these trends, our straightforward assumption that the explanation relates to the seasonality in hydrographic conditions and to the difference in the response of plankton growth during different seasons remains powerful since it can explain many first-order trends that were observed in our datasets. Although the Eemian-Holocene comparison may suffer from the precision and accuracy of the Eemian dating strategy for many reasons, efforts toward re-dating marine cores independently of the SPECMAP record should be one potential way to refute or confirm the statements we have made here regarding the mechanisms shaping interglacial SST trends. Recent efforts to transfer radiometric dates from corals and speleothems to marine records could resolve this difficulty for particular sites (Waelbroeck et al., 2008; Drysdale et al., 2009 ).
